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Abstract:
We present a novel synchrotron endstation with a flow-through liquid cell designed to study the electronic structure of liquids using soft x-ray spectroscopies. In this cell, the liquid under study is separated from the vacuum by a thin window membrane, such that the sample liquid can be investigated at ambient pressure. The temperature of the probing volume can be varied in a broad range and with a fast temperature response. The optimized design of the cell significantly reduces the amount of required sample liquid and allows the use of different window membrane types necessary to cover a broad energy range. The liquid cell is integrated into the SALSA (Solid And Liquid Spectroscopic Analysis) endstation that includes a high-resolution, high-transmission x-ray spectrometer and a state-of-the-art electron analyzer. The modular design of SALSA also allows the measurement of solid-state samples. The capabilities of the liquid cell and the x-ray spectrometer are demonstrated using a RIXS (resonant inelastic x-ray scattering) map of a 25 wt% NaOD solution.
Introduction
In recent years, the investigation of the electronic structure of liquids has grown to a vivid research field. While structural information has been available for a long time ( [1, 2, 3] and references therein), the study of the electronic structure of liquids is a technical challenge.
The techniques commonly used for the investigation of the electronic structure of solid-state samples, in particular photoelectron spectroscopy (PES) as well as soft x-ray emission (XES) and absorption (XAS) spectroscopy, require ultra-high vacuum (UHV), which seems to be incompatible with liquid samples. Nevertheless, these techniques offer a wealth of information about the electronic and chemical structure, and thus first attempts to study liquids (with PES) date back to the early seventies [4] . Today, such PES studies have evolved into experiments using a sophisticated liquid micro jet injected directly into the vacuum [5, 6, 7] . In such experiments, the liquid is, however, far away from thermodynamic equilibrium and, due to the short inelastic mean free path of the electrons (typically a few nanometers), only the surface of the liquid can be studied (which in generally is different from the bulk [8] ). Other approaches use hard x-ray excitation, e.g., for XAS, Raman-type absorption spectroscopy, and high-energy PES, but substantial limitations regarding chemical specificity and/or spectral resolution exist for most techniques and experimental set-ups.
Such limitations can be overcome by using XES and XAS (the latter in fluorescence yield mode). Compared to PES, these photon-in-photon-out techniques exhibit a much higher information depth (a few hundred nanometers in most cases) and are thus bulk-sensitive.
Furthermore, the liquid sample can then be separated from the vacuum by a thin (100 -1000 nm) membrane and confined to a "liquid cell", which makes it possible to study the liquid in thermodynamic equilibrium at normal pressure.
The first XES and XAS experiments on liquids were performed using static liquid cells [9, 10, 11, 12] . In a static cell, a small amount of liquid is encapsulated behind a window membrane on a modified sample holder, which allows the introduction of the liquid cell into UHV like any other (dry) solid sample. However, there are several disadvantages of the static cell concept. First, a temperature control with this design is difficult and was not implemented in any of these early static cells. Furthermore, due to the (necessary) high x-ray intensity for XES measurements, an increased local temperature in the liquid near the window membrane is unavoidable, even when the liquid cell body is externally cooled. For water and many other liquids, this can lead to the formation of bubbles behind the window. Dissociation processes can also lead to gas formation and to rapid beam damage of dissolved molecules in the liquid or even of solvent molecules. Furthermore, solutions generally suffer from the deposition of solutes (or fragments thereof) on the inside of the membrane, which can have a strong contribution to the measured spectra. And, finally, chemical interactions between the liquid and the window membrane can occur, e.g., the oxidation of (oxygen-free) Si-based membranes during the study of water [13] .
To avoid these issues we have recently published the description of a flow-through liquid cell [13] . This cell is integrated into a standard UHV sample manipulator with XYZ-translation. In this design, the investigated liquid is continuously sucked through the cell, such that the flow rate of the liquid is approximately 45 µl/s, e.g., replacing the content of the cell 15 times per second. Due to this improvement, reliable XES data on liquid water can now be collected, avoiding all of the above-discussed shortcomings of static cells [14, 15] . Furthermore, experiments on larger molecules (e.g., amino acids) in solution are possible without beam damage. A similar design of a flow-through cell is used by Forsberg et al. [16] to study atmospheric corrosion by soft x-rays.
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By using the new set-up, we are preparing the investigation of biologically relevant systems in native environment. Therefore, we want to integrate an optical microscope into the liquid cell.
Also, improved temperature control is desirable, and further applications (such as in-situ chemical bath deposition and electrochemical cells) required a complete re-design, such that the cell is easily accessible from the outside and not incorporated into a UHV manipulator.
Thus, we have developed a new flow-through liquid cell, which will be presented in this paper.
The new cell is part of a synchrotron endstation dedicated to the study of liquids and solids, which includes a custom-designed analysis chamber and a high-resolution high-transmission soft x-ray spectrometer [17] in addition to a state-of-the-art electron spectrometer. After describing the liquid cell design in Section 2, this endstation will be described in Section 3 of this paper. First results obtained with the experimental setup will be shown in Section 4. Figure 1 shows an exploded view of the new liquid flow-through cell. The cell is integrated into a standard CF150 (8" outer diameter) blank flange. Its "heart" is a removable inset which is vacuum-sealed with a Viton O-ring. The inset contains the window membrane, also sealed with a Viton O-ring, a stainless steel plate with two feedthroughs (inlet and outlet), and a channel for the liquids. This is depicted in Fig. 2 , which shows a detailed sketch of the inset.
Flow-through liquid cell -design and advantages
The sample liquid is sucked through the inlet into a 100 µm deep channel (65 mm long and 1.3 mm wide) and passes behind the window membrane, creating a bubble-free laminar flow.
With respect to the previous design [13] , the liquid volume in the cell is reduced from 15 to 8.5 µl. It can be separated from the liquid reservoir by fast-closing liquid valves (Parker; see Fig. 1 ). In the case of a membrane rupture, a fast pressure sensor closes the valves within 1.5 ms, leaving only the small liquid volume of the liquid cell exposed to the vacuum.
Furthermore, the overall sample volume is minimized by the out-of-vacuum design. Due to the easy accessibility of the liquid valves, all tubes are outside the vacuum and can be kept very short. Thus, the minimal total volume required for the liquid sample is reduced to less than 10 ml.
One big advantage with respect to the older design is the easy and fast exchange of the inset and the possibility to use very different membrane types (i.e., materials), sizes, and thicknesses by having insets adapted to the respective membrane. The different membrane types are important to optimize the transmission for the absorption edges under study. Since the focus of our experiments is on organic samples, the most important edges are the oxygen K, carbon K, nitrogen K, and sulfur L 2,3 edges. There are two requirements for a suitable membrane material: First, the membrane must not contain the studied element and second, the transmission should be high at the respective absorption edge. Therefore, we use Si 3 N 4 membranes (Silson) with a thickness of ~100 nm for the O K and the C K edge measurements, and SiC membranes (NTT) with a thickness of ~150 nm for the N K edge.
Due to the strong absorption of the Si L 2,3 edge, both membrane materials are not suited for measurements at the S L 2,3 edge, since the theoretical transmission of both windows is below 1% [18] . Instead, carbon-based (and Si-free) materials can be used [10] .
For temperature-controlled measurements, a separate, Teflon-insulated liquid circuit channel is milled into the flange around the inset (see Fig. 1 ), allowing us to vary the temperature in the cell between 1°C and 90°C. A temperature control liquid is pumped through the channel by a water chiller, resulting in a very fast temperature response. The new flexible cell design can be used for a variety of different experiments, using different insets for variable membrane types as well as an inset for solid state samples. The latter is important to obtain reference spectra for comparison with the liquids. Furthermore, it is possible to perform optical microscopy of the liquid sample exposed to the beam. For the latter, the stainless steel plate containing the liquid channel is replaced by a glass plate, and a microscope is mounted between the fast-closing liquid valves (see Fig. 1 ).
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The SALSA Endstation -home of the flow-through liquid cell
The SALSA ("Solid And Liquid Spectroscopic Analysis") endstation with the mounted liquid cell is shown in Fig. 3a . SALSA includes a custom-built analysis (vacuum) chamber (with the attached flow-through liquid cell), a high-resolution high-transmission x-ray spectrometer described in more detail below and in [17] , and a Specs PHOIBOS 150MCD electron analyzer. For solid sample measurements the cell can be replaced by a custom-built preparation chamber with a standard UHV manipulator and surface preparation equipment, as discussed below (Fig. 3b shows a photograph of SALSA with the mounted preparation chamber).
The CF150 flange of the new flow-through liquid cell is attached to the backside of the analysis chamber (see inset Fig. 3a) . It is connected to the chamber via a CF150 pneumatic valve (VAT) with an independent pumping system. With this valve the flow-through liquid cell can be separated from the analysis chamber, which is useful for two reasons. First, with the valve closed it is possible to replace the inset or the membrane without compromising the vacuum in the SALSA analysis chamber. Second, it protects the analysis chamber in the case of a membrane rupture. In this case, sample liquid is released into the vacuum leading to a fast pressure rise in the chamber. At a pressure of 5x10 -7 mbar, a fast pressure sensor trips, closing not only the fast liquid valves in the cell, but also the CF150 pneumatic valve, a CF40 pneumatic valve separating the analysis chamber and the soft x-ray spectrometer, and a fast valve installed in the beamline close to the endstation.
The analysis chamber is nearly a semi-cylinder, with the center point at the window membrane of the liquid cell. This center point is also the focus position of the synchrotron beam and the x-ray and electron spectrometers. To achieve this alignment, the entire analysis chamber can be adjusted with micrometer precision using an xyz-stage (Huber). The range of motion is ±25 mm in the x and y direction and 10 mm in the z direction, respectively.
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The soft x-ray spectrometer is attached to the analysis chamber with a bellow, and thus it maintains its position with respect to the synchrotron beam when the analysis chamber is moved to align the liquid cell to the beam. The high-resolution, high-transmission spectrometer [17] uses the refocused synchrotron spot on the sample as source (≤30 µm), alleviating the need for an entrance slit. Furthermore, it contains a spherical mirror, a subsequent plane blazed variable-line-space (VLS) grating, and an uncoated back-illuminated CCD-camera detecting the photons in normal incidence. Our VLS spectrometer is optimized for all biological relevant edges (O K, N K, C K, S L 2,3 ) in one energy window with a resolving power of E/∆E > 1200 over the whole energy range (130 to 650 eV). It reaches an efficiency about two orders of magnitude higher than other state-of-the-art spectrometers, which allows the collection of an entire set of resonant x-ray emission spectra with variable excitation energy within less than an hour. Such a set can then be presented as a "RIXS map", as will be demonstrated in Section 4 below. Further detailed information about the VLS spectrometer and other RIXS maps can be found in [15, 17, 19, 20] .
SALSA is -as the name tells -not only an endstation for liquids but also for solid state samples. As mentioned above, a preparation chamber with a standard manipulator can be attached to the back of the analysis chamber, replacing the flow-through liquid cell (Fig. 3b) .
Furthermore, an electron analyzer (SPECS Phoibos 150 MCD) is installed in the analysis chamber. Since the analyzer is rigidly attached and thus has to be moved with the entire chamber, the analyzer is suspended with six springs to remove the load from the chamber and, in particular, the xyz-stage.
SALSA in action: XAS and RIXS map of an NaOD solution
In the recent past, XES and XAS experiments on liquids mainly focused on the investigation of liquid water [3, 12, 14, 21, 22] . Especially the local hydrogen bond configuration was and still is under discussion [14, 15, 22, 23] . Fuchs et al. [14] and Tokushima et al. [22] presented new high-resolution XES (HRXES) spectra that reveal a fine structure in the 1b 1 XES spectra was observed, as well as temperature and excitation-energy dependence. In our model [14] , the spectra are described as a superposition of two individual spectral components, one representing the intact water molecules and the second one related to ultrafast molecular dissociation on the timescale of the emission process. The assignment of the latter component representing the dissociated water molecules is supported by its similarity to the (resonantly excited) XES spectrum of the OH -ions in an aqueous sodium hydroxide (NaOH) solution, as well as theoretical considerations [12, 24, 25] .
In this paper, we present the resonant inelastic x-ray scattering (RIXS) map of sodium deuteroxide (NaOD, 25 wt%) in a D 2 O (deuterium oxide, also known as "heavy water") solution ("aqueous NaOD") to demonstrate the performance of the new flow-through liquid cell and the SALSA endstation. All measurements were performed at Beamline 8.0.1 of the Advanced Light Source (ALS) in Berkeley, CA.
First, Fig. 4 shows an O K-edge XAS spectrum of liquid D 2 O (solid line) and aqueous NaOD (dotted line). The D 2 O spectrum exhibits the typical water pre-edge at ~535 eV [12, 14, 26] .
In the spectrum of aqueous NaOD, a "pre-pre-edge" at ~533 eV can additionally be observed.
This pre-pre-edge is exclusively assigned to OD -ions [27] . In Fig. 6 the 3a orbital is found at an emission energy of 522.8 eV, and the 1e 1 orbital at an emission energy of 526.3 eV, i.e., a separation of 3.5 eV. In comparison the calculated energy separation is found to be 3.3 eV. Furthermore, both peaks show a slight asymmetry on the low energy side. This asymmetry might be the result of different effects. First, the asymmetry could be due to the limited excitation resolution which might result in contributions from the above-described Raman-regime. Second, the asymmetry might be attributed to different local environments of the individual OD -ions with slightly different emission energies. Third, vibrational broadening might play a role. And finally, an ultra-fast dissociation on the same timescale as the RIXS process might be present, similar to the case of H 2 O and D 2 O. The exact origin of this asymmetry will be the subject of further investigations.
Summary
We have presented a novel flow-through cell designed to study the electronic structure of liquids using soft x-ray spectroscopies. The design is optimized to achieve a steady bubblefree flow of the liquid. At the same time, it minimizes the liquid volume and allows easy access to all functional parts of the cell from outside the ultra-high vacuum. It has a separate cooling/heating circuit offering a broad temperature range (1°C -90°C) with a short response time.
The flow-through cell is integrated in the described SALSA endstation, which consists of an analysis chamber equipped with a high-resolution and high-transmission soft x-ray spectrometer and a state-of-the-art electron analyzer. Apart from the liquid samples, it is possible to measure solid state samples by replacing the flow-through cell by a preparation chamber and a standard sample manipulator.
The performance of the flow-through cell, the endstation, and the x-ray spectrometer is exemplarily demonstrated by a RIXS map of an NaOD solution (25 wt%), which can be 
